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Abstract.   Only a handful of non- human animals are known to grow their own food by 
cultivating high- yield fungal or algal crops as staple food. Here we report an alternative strategy 
utilized by an omnivorous marine worm, Hediste diversicolor, to supplement its diet: gardening 
by sprouting seeds. In addition to having many other known feeding modes, we showed using 
video recordings and manipulative mesocosm experiments that this species can also behave like 
gardeners by deliberately burying cordgrass seeds in their burrows, which has been previously 
shown to reduce the loss of seeds to water. These seeds, however, are protected by the seed 
husk, and we used feeding experiments to show that they were not edible for H. diversicolor 
until they had sprouted or the seed husk had been artificially removed. Additionally, sprouts 
were shown to be highly nutritious, permitting higher growth rates in H. diversicolor than the 
low- quality basal food, detritus. We propose both a proximate cause (seed husk as a physical 
barrier) and ultimate cause (nutritional demand) for this peculiar feeding behavior. Our 
findings suggest that sprouting may be a common strategy used by seed- collecting animals to 
exploit nutrients from well- protected seeds.
Key words:   cordgrass; gardening; ragworm; seed; seed-caching; Spartina; sprout; sprouting.
inTroducTion
Agriculture, defined as the cultivation of high- yield 
staple foods, was a pivotal development in human history, 
yet it is not a human monopoly. Long before the arrival 
of human agriculture, at least three terrestrial inverte-
brate lineages had independently evolved the ability to 
grow fungi, including ants, termites and ambrosia beetles 
(Farrell et al. 2001, Aanen et al. 2002, Mueller et al. 2005). 
More recently, marine animals have also been docu-
mented to cultivate foods, including fungal- farming 
snails (Silliman and Newell 2003) and damselfish that 
grow algae (Hata and Kato 2006). Despite different cul-
tivation strategies, all these animal farmers are able to 
achieve a sufficient supply of their staple food to sustain 
themselves from their high- yield fungal or algal crops.
Here we identify a novel, sprout- based, gardening 
strategy utilized by the common ragworm species Hediste 
diversicolor (Fig. 1a). This species is widely distributed 
along intertidal flats that often neighbor salt marsh 
pioneer plants like cordgrass in the NW Atlantic (Olivier 
et al. 1996, Paramor and Hughes 2007). Although 
H. diversicolor is an opportunistic omnivore that does not 
rely on a single food source, we present evidence that this 
species can also behave like a gardener, growing nutri-
tious supplementary rather than high- yield staple food. 
They have been shown to deliberately bury cordgrass 
seeds into their burrows, thereby reducing seed loss to 
hydrodynamic processes (Marion and Orth 2012, Zhu 
et al. 2014). While ragworms were thought to be seed 
predators (Emmerson 2000, Paramor and Hughes 2004), 
the direct consumption of intact cordgrass seeds had 
never been observed. In fact, only dehusked cordgrass 
seeds were found to be consumed (Emmerson 2000), sug-
gesting that the husks protect seeds from consumption. 
In this paper, we present evidence that H. diversicolor can 
actually acquire nutrients from these well- protected seeds 
by sprouting them.
With highly concentrated nutrients stored to sustain 
subsequent plant growth and development, seeds are 
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often an attractive food resource for animals across eco-
systems (Hulme and Benkman 2002). Nevertheless, seeds 
may not always be directly consumed due to their big size, 
physical defenses (e.g., hard seed coat) and/or chemical 
protection (e.g., toxins) (Hulme and Benkman 2002, 
Vander Wall 2010). By a process of natural conversion, 
sprouting can improve digestibility and nutritional 
quality, compared with non- sprouted seeds (Chavan and 
Kadam 1989). Sprouting for food (e.g., soy sprouts) has 
previously only been observed in human behavior. 
Sprouted foods, which have been part of East Asian diets 
for centuries, are currently becoming popular in the 
western world because of their high nutritional value, 
including high protein, amino acid and vitamin content 
(Chavan and Kadam 1989).
High- protein diets (e.g., alga) have been shown to 
enhance growth rates and reproductive success of 
H. diversicolor (Olivier et al. 1996, Nesto et al. 2012). 
However, the most abundant food source in tidal flats, 
i.e., sedimentary organic matter such as detritus, is of low 
quality due to low nitrogen content (Dauwe et al. 1999, 
Herman et al. 1999). This poor quality of the basal 
resource fosters omnivory as a general strategy in benthic 
communities (Herman et al. 1999, HillerisLambers et al. 
2006), as omnivory allows for feeding on both abundant, 
low quality food and less abundant, more nutritious food 
(Coll and guershon 2002). To meet its nutritional 
requirements, H. diversicolor displays many adaptations 
to obtain a more nitrogen- rich diet, such as grazing of 
diatoms (e.g., Smith et al. 1996) and algae (e.g., Olivier 
et al. 1996), and predation of macrozoobenthos (e.g., 
rönn et al. 1988). In this study, we examine the hypothesis 
that seed- caching behavior and sprout consumption can 
enable the omnivorous H. diversicolor to supplement its 
diet with high quality food, using manipulative mesocosm 
experiments.
meThods
Living and feeding habits of H. diversicolor
The common ragworm, H. diversicolor, is an oppor-
tunistic omnivore living in semi- permanent u- or 
y- shaped burrows, with a life span of 1–3 yr. The indi-
vidual burrow is a well- defined territory and may develop 
into multi- branched structures over time. This species 
has a wide array of different feeding strategies: filter 
feeding, deposit feeding, scavenging, and predation. For 
the last three strategies, the worm partially emerges from 
the burrow, feeding on the sediment around the burrow 
or taking a proboscis full of material (e.g., plant/animal 
remains) from the surface and retreating into the burrow. 
It can hunt for small invertebrates, seizing them with its 
strong jaws (reviewed in Scaps 2002). This species has 
also been suggested to stimulate bacterial growth (i.e., 
microbial gardening) in its burrow, where constant irri-
gation maintains aerobic conditions favorable for bac-
terial growth, as found in other marine worms, e.g., 
Abarenicola vagabunda (Hylleberg 1975, Scaps 2002). 
H. diversicolor can grasp soft plant materials like seagrass 
leaves, break them and pull them into its burrow (Hughes 
et al. 2000). More recently, H. diversicolor (Delefosse and 
Kristensen 2012) and its close relatives, Alitta virens (Zhu 
et al. 2016) and Neanthes succinea (Blackburn and Orth 
2013), have been reported to collect and bury seeds of 
seagrass (Delefosse and Kristensen 2012), glasswort 
(Paramor and Hughes 2004) and cordgrass (Emmerson 
2000, Zhu et al. 2016). However, direct seed consumption 
has only been reported for the seagrass Zostera noltii 
(Hughes et al. 2000), which has small seeds of about 
2 mm in length.
Food preference for seeds vs. sprouts
To test the hypothesis that cordgrass seeds (c.a. 1.8 cm 
length, Fig. 1a) cannot be consumed by H. diversicolor 
unless they have sprouted, we conducted a mesocosm 
experiment in a climate room (18°C), using both sterile 
seeds and sprouting seeds as food sources. This exper-
iment lasted for 3 weeks, during which the foraging 
behavior of ragworms and the state of the food items was 
monitored daily by direct visual observation. In the end, 
recovery (percentage) of dead and sprouted seeds was 
determined to quantify which types of seeds were eaten 
more often. Because H. diversicolor is sensitive to human 
presence, we additionally set up a microcosm equipped 
with a webcam system (Logitech® HD Webcam c615) to 
observe the feeding behavior of this animal.
Fig. 1. (a) Hediste diversicolor collecting a cordgrass seed 
(ca.1.8 cm length, 0.2 cm width). (b) Sprouting cordgrass seed. 
(c) The recovery percentage of sterile seeds (S) and sprouting 
seeds (SP) at the end of the H. diversicolor feeding experiment 
(3 weeks). All sprouts had been excised, whereas all the sterile 
seeds were recovered intact.
(c)
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Seed redistribution and viability after handling by  
H. diversicolor
To examine the effects on seed redistribution and seed 
viability from handling and burial by H. diversicolor, we 
conducted a mesocosm experiment using PVC cylinders 
filled with defaunated muddy sediment, involving two 
worm- treatments, (1) “worm + surface seeds” (WS) and 
(2) “worm + buried seeds” (WB), and two control treat-
ments, (1) surface seeds (CS) and (2) buried seeds (CB). 
For WB and CB, seeds were buried at 1 cm depth, the 
typical depth at which ragworms bury seeds (Delefosse 
and Kristensen 2012, Blackburn and Orth 2013, Zhu 
et al. 2016). To avoid germination during incubation, 
we conducted the experiment in the winter (January 
2014) in a green house where the temperature fluctuated 
between 3–12°C, using cordgrass seeds without any 
stratification treatments that had been harvested 2 
months beforehand (November 2013). Incubation 
lasted for 4 weeks, during which active seed transport by 
H. diversicolor was frequently observed. Seed germi-
nation was not seen in the any of the treatment groups. 
After incubation, seed distribution was determined by 
slicing each sediment core, and viability of all the 
retrieved seeds was determined via a germination test. 
Total germination (percentage) was calculated for each 
treatment and control group.
Consequences of nutrition on H. diversicolor growth
To examine the benefits of sprout consumption, we 
tested the hypothesis that sprouted seeds enable H. diver-
sicolor to exploit the rich nutrients stored in cordgrass 
seeds, thus further improving the nutritional quality of 
their diet. We first performed a feeding experiment in a 
climate room (18°C) to compare the growth of H. diver-
sicolor under four different diet types: (1) muddy sed-
iment + intact sterile seeds (M+S); (2) muddy sediment + 
dehusked sterile seeds (M+DS); (3) muddy sediment + 
sprouted seeds (M+SP); and (4) muddy sediment only 
(M). This experiment was conducted in plastic cups filled 
by muddy sediment with one individual worm in each 
cup. Except for diet type M, each individual was fed every 
3 d with one intact, dehusked or sprouted seed for a total 
of eight times. After 4 weeks, the growth of each indi-
vidual was determined by calculating the change in fresh 
weight (%), expressed as the following: 100% * (Final 
weight – Initial weight)/Initial weight. Some of the worms 
were found to be dead or missing from the cups. The 
missing worms were recovered from the bottom of the 
container used to hold the cups but were excluded from 
the data analysis, as it was not possible to determine 
when and from which cups these worms had escaped. To 
compare the nutritional value of each diet, organic 
carbon content (OC) and total nitrogen content (TN) 
were quantified for sprouts, dehusked seeds, seed husks 
and the muddy sediment. The carbon to nitrogen ratio 
(C:N) was then calculated as OC/TN.
For further details regarding all the above- mentioned 
experiments, observations and measurements, refer to 
the supplementary information (Appendix S1).
Statistics
Prior to analysis, we conducted Shapiro–Wilk tests to 
check for data normality. One- way ANOVA was used to 
detect the effects of H. diversicolor handling and burial on 
seed viability. We conducted ANCOVAs to compare the 
weight change of H. diversicolor between diet treatments, 
using initial weight as the covariate. To satisfy the 
assumption of normality, the data were log (x + 0.5)- 
 transformed. We performed a Pearson’s chi- square test 
to examine if worm mortality differed between the diet 
treatments. All statistical analyses were conducted in r 
(http://www.r-project.org), applying a significance level 
of α = 0.05.
resulTs
Our experiment revealed that H. diversicolor had a 
marked preference for sprouted seeds. All sprouts were 
found to be missing after 3 weeks, whereas all the sterile 
seeds were recovered intact, indicating lack of germi-
nation or predation (Fig. 1c). During the experiment, we 
observed H. diversicolor attempting to collect both the 
sterile and sprouted seeds around their burrows, and 
pulling some of them inside. The video recordings 
revealed H. diversicolor cutting the sprout off a germi-
nated seed and eventually pulling it into its burrow 
(Appendix S2: Video S1).
Seed viability was not affected by the handling and 
burial of the seeds by H. diversicolor (Fig. 2). For the 
“worm + surface seeds” (WS) treatment, all the seeds 
were redistributed by H. diversicolor and ca. 25% of the 
seeds were recovered from their burrows, mostly within 
the top 1 cm (Fig. 2b). For the treatment of “worm + 
buried seeds”, only 1% of the seeds were found deeper 
(1–2 cm) than the original depth (0–1 cm), suggesting 
very limited vertical redistribution by H. diversicolor. 
Neither the handling nor the shallow seed burial affected 
seed viability (Fig. 2c), as the subsequent germination test 
showed that there was no significant difference (One- way 
anova, P = 0.89) between the treatment and control 
groups.
The diet types were important in determining the 
growth of H. diversicolor (Fig. 2d). The differences in 
growth rate could be explained by the variation in nutri-
tional values (Table 1). Sprouts and dehusked seeds are 
both protein- rich, while the basal food source (i.e., par-
ticulate organic matter in the mud) and seed husks have 
much lower nitrogen content. The diet with sprouted 
seeds led to a significantly higher weight increase 
(ancova, P < 0.05) than that with muddy sediment or 
sterile intact seeds. The dehusked seed itself also proved 
to be nutritious, contributing to a significantly higher 
weight increase than the intact seeds (ancova, 
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P < 0.05), suggesting that the seed husk serves as a 
physical barrier against direct seed consumption.
There were no detectable differences in growth between 
individuals eating sprouted and dehusked seeds, although 
the mean dry weight of a sprout (1.2 mg) is only 21.8% 
that of a dehusked seed (5.5 mg). Sprouts have a compa-
rable C:N ratio with the macroalgae species Enteromorpha 
intestinalis (Table 1), which has previously been shown to 
yield rapid growth of H. diversicolor (Olivier et al. 1996). 
The dehusked seeds have a higher C:N ratio than sprouts 
(Table 1), suggesting that sprouting improves both food 
accessibility and quality for H. diversicolor. No difference 
in worm mortality between treatments could be detected 
(chi- square test, P = 0.79), suggesting that the few dead 
worms in the experiment did not result from the diet. 
When all the living worms had been recovered, all the 
sterile seeds were eventually retrieved intact without the 
occurrence of germination or predation, while only 8.3% 
of the dehusked seeds were recovered. All sprouts had 
been excised from the sprouted seeds and were missing.
discussion
Animal seed dispersers like rodents and earthworms 
often directly consume seeds as the reward (Brown and 
Ojeda 1987, Hulme and Benkman 2002); however, we 
Fig. 2. (a) Setup of experiment on seed redistribution and viability after handling by Hediste diversicolor (b) Vertical distribution 
of the seeds retrieved from the two experimental treatments “worm + surface seeds” (WS) and “worm + buried seeds” (WB), and 
two control treatments with surface seeds (CS) or buried seeds (CB). (c) No significant difference were found in total germination 
(mean ± SE, n = 200) of retrieved seeds between treatment groups (ANOVA, P = 0.89). (d) Weight change (mean ± SE) in 
H. diversicolor fed with four different diets: (1) muddy sediment + intact seeds (M+S), n = 15; (2) muddy sediment + dehusked seeds 
(M+DS), n = 12; (3) muddy sediment + sprouting seeds (M+SP), n = 12; and (4) muddy sediment only (M), n = 12. Lower case 
letters identify significantly different means (ancova, P < 0.05).
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illustrate that the common ragworm H. diversicolor can 
benefit from seed burial by sprouting the buried seeds to 
produce high- quality food. Sprouting enables H. diversi-
color, which feeds primarily on poor- quality food (Scaps 
2002), to exploit the rich nutrients in cordgrass seeds pro-
tected by their husks. We reveal that initial failure in 
directly consuming intact seeds can result in improved 
food accessibility, higher nutritional values and asso-
ciated higher weight increase. After burial, no further 
action is needed by these worms to tend their gardens 
besides not moving too far away during the period 
between seed burial and germination.
The dispersal of cordgrass seeds starts in autumn 
(October), and extends to the winter and early spring 
(March) of the following year, with very few seeds germi-
nating during this dispersal period (Huiskes et al. 1995). 
Cordgrass seedlings mainly emerge in spring (April) and 
germination may extend to summer as some seeds can 
remain viable in the seed bank until July, but no seeds 
were found to survive by the end of the growing season 
(groenendijk 1986). Therefore, the waiting time for seed- 
caching H. diversicolor to harvest their sprouts may vary 
from a few weeks to a few months. given that this worm 
lives in a semi- permanent burrow and has a life span of 
1–3 yr (Scaps 2002), seed caching by this species can rea-
sonably be assumed to result in sprout consumption, pro-
vided that the worms are not predated and the seeds 
remain viable during the waiting period.
As not every seed eventually germinates (Fig. 2c), seed 
burial by H. diversicolor might not always result in sprout 
consumption. given its relatively short seed longevity 
(<1 yr, Wolters and Bakker 2002), however, it is likely 
that the buried cordgrass seeds that fail to germinate will 
decompose in the burrow, and the detritus may even-
tually be consumed by H. diversicolor. The decomposed 
seeds could still be nutritious because of the high energy 
storage and richer nitrogen than other plant debris 
(Table 1), but they would still be inferior to the freshly 
sprouted food as the latter has a lower C:N ratio (this 
study), is more easily digested and is richer in micro-
nutrients, e.g., vitamins (Chavan and Kadam 1989). 
Although ragworms have been previously suggested to 
stimulate microbial growth in their burrows (Hylleberg 
1975, Scaps 2002), our experiments showed that ragworm 
handling did not actually facilitate seed decay, as neither 
decomposition of intact seeds nor effects on seed viability 
were observed. Moreover, microbial activity can be 
expected to be low during the period between seed dis-
persal and germination, i.e., winter and early spring, 
because of the low temperatures.
Seed consumption and seedling herbivory by H. diver-
sicolor could, in some cases, form a major bottleneck for 
vegetation (re- )establishment from seed in low- lying tidal 
areas (Emmerson 2000, Hughes et al. 2000, Paramor and 
Hughes 2004). Paradoxically, the inability to directly 
consume seeds may, however, improve the chances for 
cordgrass establishment if some ragworms die or are pre-
dated before seed germination. Consequently, burial 
does not necessarily end up with all sprouts being con-
sumed and may incidentally result in directed dispersal, 
which can increase seed persistence by decreasing seed 
removal caused by the tide (Zhu et al. 2014).
Sprouting may also be found for other ragworm species 
(e.g., Alitta virens and Neanthes Succinea), given their 
comparable feeding behaviors and niches (Blackburn 
and Orth 2013, Zhu et al. 2016). Similarly, this phe-
nomenon also likely occurs for seeds of other macro-
phytes, e.g., seagrass and glasswort, that can be cached 
by ragworms (Paramor and Hughes 2004, Delefosse and 
Kristensen 2012), provided that their seed coats can 
prevent immediate seed consumption. Moreover, 
sprouting may be more widespread as a feeding strategy, 
given that analogous seed- caching behavior has been 
seen in earthworms (regnier et al. 2008, Forey et al. 
2011). These terrestrial worms primarily feed on low- 
quality detritus (Curry and Schmidt 2007) and are able to 
obtain nutrients from high- quality food sources like 
seeds and germinated seeds (Shumway and Koide 1994, 
Eisenhauer et al. 2009, 2010). Thus, sprout- based gar-
dening involving active seed burial may also have 
developed in seed- earthworm systems, when seeds are 
not directly edible due to large sizes or hard seed coats. 
This could be especially relevant in cases when seed ger-
mination is enhanced by earthworm gut passage, as 
found for some plant species (Eisenhauer et al. 2009).
Sprouting as a solution to utilize the nutrients from 
well- secured seeds may also apply to other seed- caching 
animals. Possible candidates are rodents that cache nuts 
and seeds with hard shells or with tannins that reduce the 
TaBle 1. Nutritional quality of dehusked cordgrass seeds, 
cordgrass sprouts, seed husks, and the muddy sediment used 
in our experiments. Measurements of organic carbon (OC) 
and total nitrogen (TN) content for each item were based on 
bulk samples with one replicate each and conducted in an-
alyzer FlashEA 1112. Except for the muddy sediment, the 
measurements were later repeated using separate bulk sam-
ples analyzed with a different instrument: vario MICrO 
cube. The nutritional quanlity data from the literature for one 
macroalgae species Enteromorpha intestinalis, and two marine 
vascular plants Spartina anglica (i.e., cordgras) and Halimione 
portulacoides, were also included for comparsions.
Food item OC (%/dry 
weight)
TN (%/dry 
weight)
C:N ratio
Dehusked seeds 30.5* 2.8* 10.9
30.8† 2.8† 11.0
Sprouts 28.8* 3.6* 7.9
28.2† 3.7† 7.6
Seed husks 45.5* 0.7* 61.0
44.4† 0.8† 55.5
Mud 1.0* 0.2* 5.3
Enteromorpha intestinalis 45.4‡ 5.17‡ 8.8
Spartina anglica 48.0‡ 1.4‡ 34.4
Halimione portulacoides 1.0‡ 0.2‡ 21.2
*Analyzed with FlashEA 1112.
†Analyzed with vario MICrO cube.
‡Source: Olivier et al. 1996.
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immediate food value (Hulme and Benkman 2002, 
Vander Wall 2010), as such animals also consume young 
seedlings (e.g., Ostfeld and Canham 1993, Ostfeld et al. 
1997). For instance, a study on meadow voles revealed 
that consumption of fresh green foods like sprouted 
wheat allowed for rapid growth and development in 
young meadow voles (Meek et al. 1995). In addition, a 
previous study on the leaf- cutting ant Atta sexdens also 
suggested that seed- caching ants might also use sprouted 
seeds as a food source. These ants were found to cut the 
epicotyl from the sprouting seeds of non- myrmecochorous 
plants (Silva et al. 2007).
Besides humans, very few animal species have been 
reported to “grow” their own food. While most of these 
farming species have been characterized by cultivation of 
high- yield fungal or algal crops as their staple food, 
sprouting by omnivorous seed- caching ragworms, as pre-
sented here, serves as a novel type of gardening strategy 
that yields superior supplementary food. unlike human 
agriculture, gardening or farming by invertebrates seems 
more likely to be an adaptive feeding strategy to obtain 
nourishment, without such animals being conscious of or 
intentional in their behavior (e.g., Farrell et al. 2001, 
Silliman and Newell 2003, Mueller et al. 2005). Seed 
caching by H. diversicolor, however, still yields high- 
quality sprouted food, analogous to the sprouting prac-
tices found in humans (e.g., soy sprouts). We propose 
both a proximate cause (protection by seed husk) and 
ultimate cause (nutritional demand) for this feeding 
behavior. given the ubiquity of seed- protecting mecha-
nisms (Hulme and Benkman 2002, Vander Wall 2010), 
sprouting may be a common strategy used by many seed- 
collecting animals to exploit nutrients from otherwise 
well- protected seeds.
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